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Abstract 
Shapes of deformed water surface and transport of dyes in compound vortex flow are studied experimentally. Vortex motion 
is produced by rotating disc at the bottom of vertical cylindrical container. Strong anisotropy of substance transport from a 
compact spot in compound vortex is traced. In a fluid at rest drop of dye placed on a free surface forms cascade of circular 
vortices in the water depth. Drop of dye placed on curved surface of compound vortex is transformed into fast changing heli-
cal structures. On the free surface extended spiral arms are span up from initial spot. Dye from surface spot is also extracted 
into liquid body and transported along so-called ‘dye walls’ inside compound vortex. Structure stability of the flow pattern is 
discussed. 
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1. Introduction 
The need for vortex flow investigation is due to its very frequent occurrence, destructive effect and possibility 
of technological use. At the same time the large scales and lack of stationarity in natural vortex systems together 
with the unpredictability of location and intensity lead to the development of theoretical and laboratory study of 
vortices. Theoretical studies of vortex flows are based on the theory of an ideal quiescent [1] and rotating [2] 
fluid with beforehand assumptions concerning the dynamics of phenomenon. Many works are devoted to study of 
the passive admixture spread in the vortex flows [3]. At the same time in some experiments the admixture were 
found in compact areas that have typical forms of “dye walls” [4] and helical structures, the patterns of such 
structures are widely represented in the well-known albums and books [5]. 
The goal of the work is to explore the transport of miscible contaminants from the compact spot on the free 
surface of compound vortex. 
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Nomenclature 
H  [cm] depth of liquid 
R  [cm] container radius 
0R  [cm] container radius 
b  [-] value of the intensity of the flow 
g  [cm/s2] free fall acceleration 
r  [cm] radial coordinate 
t  [s] time 
z  [cm] vertical coordinate 
 [RPM] forcing frequency of disk rotation 
 [-] eccentricity 
 [-] free surface form function 
 [-] /g  
 [mm2/s] kinematic viscosity 
0  [-] length ratio 
 [g/mm3] density of liquid 
*  [cm] empirical value of radius 
 [rad] angular coordinate 
 [1/s] total angular velocity 
2. Flow in experiment 
2.1. Experimental technique 
The overviewed vortex is generated in the cylindrical container by rotating disk in the center of its bottom wall 
(Fig. 1, a). The cylindrical container is placed into the rectangular Perspex tank 63.6 44.6 70.0 cm3 with no 
top facet. The diameter of cylindrical container is 29.4 cm. Container is placed on the rubber ring gasket. On the 
vertical axis of the cylindrical container near the bottom the round disk is placed on the axis of electric motor. 
The plane bottom wall of container is formed by rotating disk and corresponding false-bottom. Frequency of disk 
rotation is measured by cymometer equipped with optical probe. The range of disk rotation frequencies is 
150 2000  RPM. The tank is filled with tap room temperature water of fixed volume. The water volume light-
ing is performed by two projectors with dispersive sheets. Registration of flow pattern is carried out through the 
transparent sidewall of rectangular tank and/or through the free surface with photo- and video- cameras. The cap-
tured video and photo files are directly put on the hard disk of PC. 
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The experiments carried out in invariable conditions such as depth of liquid layer, size and rotation frequency 
of the disk, container diameter, etc. are characterized with reproducibility of flow pattern for chosen set of pa-
rameters. Free surface is very convenient to use different types of tracers and marker admixtures, and also to con-
trol over initial conditions of its input. As miscible markers are traditionally used different types of ink and solu-
tion of Uranil. The characteristics of the admixtures are given in [4]. 
 
 (a)   (b) 
Fig. 1. (a) The experimental setup; (b) Schematic cross-section of the flow. 
For the chosen positions of cameras the illumination conditions are set to make all details of the free surface 
and all the interfaces between media (water, dye, and air) clearly visible, and easy for the subsequent images 
processing. The recording of the flow pattern is started after the steady-state regime is set up and all visible tran-
sition processes, such as surface trough formation, are complete. A 20 min pause is also held before the registra-
tion beginning after the rotation frequency shift.  
The special feature of the experimental setup is the presence of the free surface that allows introducing the 
admixture into the particular area of the flow with minimum disturbances. Transparent sidewalls of the tank and 
cylindrical container give the opportunity to view over vortex and wave components of the flow in the fluid depth 
and on the free surface. 
The relatively simple geometry of the flow allows reproducing the flow parameters in detail. The vortex mo-
tion deforms water surface which becomes concave in the central part near the vertical axis. The shape of free 
surface reflects the pressure distribution in the fluid. 
2.2. Parameters of studied flow 
The object of the study is a flow of homogeneous incompressible viscous liquid that occupies cylindrical vol-
ume of height H  and radius 0R  (see fig. 1, b). Axis z  of the cylindrical coordinate frame , ,r z  is directed 
opposite to the free fall acceleration g . The origin is set in the center of the free surface of considered liquid 
volume ( 0z ). The bottom wall of container with the disk of radius R  is then located on the level z H . 
The disk rotates with angular velocity . 
The rotating disk involves the whole of liquid volume into the complex motion by means of viscous effects on 
its surface. The form of the free surface is described by function ( , , )r t  (see fig. 1, b). The governing system 
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of equations for the problem is already written in [5]. 
The approximation of the free surface form over compound vortex with consideration of the free surface ten-
sion effects with the coefficient  leads to the expression for the free surface form 
(1 ( ))b f r , (1) 
where 
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and * , #  – empirical parameter that delimits the concave and convex parts of the free surface, b  – the value 
that characterizes the intensity of the flow, ceteris paribus determined by the disk rotation frequency. The ob-
tained expression is applicable only when the depth of the surface trough is less than a half of initial water depth. 
The analytically developed approach shows the great resemblance with all the experimental results in the 
whole range of parameters. The more detailed comparison of the calculated and experimental free surface forms 
shows that the type and value of the difference between them is varied under alteration of the parameters of the 
experiment. 
The components of the considered flow are shown in Fig. 1, b. Global rotation around the vertical axis that is 
the axis of the inductor too with angular velocity c  that occurs under the influence of transport of liquid along 
the disk surface(no slip boundary condition) is combined with toroidal vortex that rotates around circular axis 
with angular velocity t . The flow razed by rotating disk goes to the bottom part of the cylindrical container 
sidewall, turns upwards, slips to the center under the free surface, and then go downwards near the vertical axis 
of symmetry of the flow. This complex flow is characterized by total angular velocity c t= + . 
On the surface of liquid involved into the complex vortex motion the trough exists even when the rotation ve-
locity is rather small. The trough form is determined by gravitational, inertial, and centrifugal forces (fig. 1, b). 
The surface trough size is determined by all the parameters of the flow and media – depth of liquid H , container 
0R  and disk R  radii, forcing frequency  of disk rotation, density of liquid , free fall acceleration g , kine-
matic viscosity  and surface tension  of liquid. The ratios between these values form the set of dimensionless 
parameters, such as Reynolds 2Re ( ) /R , Froude 2 2Fr ( ) /R gH , and Webber 
3 2We /H  numbers for the homogeneous liquid. 
The set of dimensionless parameters along with dynamic scales (Froude and Reynolds numbers) includes the 
typical length scales – the ratio of radius of the cylindrical container and liquid layer depth /H R H  and the 
ratio of the container and disk radii 0 0/R R . The layer of liquid is deep when 1H  and shallow when 
1H . 
3. Transport of miscible admixture 
3.1. Surface dye distribution 
The experiments that were carried out with the miscible admixture allowed to trace the transformation of the 
compact spot of admixture on the free surface of compound vortex into the spiral arms [6]. The structure stability 
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of the process of spiral arms formation is illustrated in Fig. 2 with the pictures of two subsequent drops of the 
same dye.  
The two drops fell down the free surface from the same dosing dropper with the interval of 0.1 s. The nozzle 
of the dropper was 4 cm higher and 3.7 cm shifted from the center of rotating free surface. The both drops trans-
formed into pronounced spiral arms. In the Fig. 2, a inner cyclonic spiral arm is 1, 2 – the initial position of the 
first drop, 3 – the outer anticyclonic spiral arm pulled out the first drop, 4 – the anticyclonic arm from the second 
drop, 5 – the direction of rotation of the disk at the bottom. 
 
 a   b 
Fig. 2. Elongation of the spiral arms on the free surface of compound vortex ( H 10 cm, 100 RPM, R 7.5 cm):  
a) – dye distribution 1 s after the first drop stroke the surface; b) – enlarged part of the image. 
The position of the drop at the moment of contact was little upwards the general flow on the free surface and 
the trace of it moves with the general flow to the spot where it is seen 1 s after. 
Surface flow pattern observed when the Uranil drop is placed into the centre of the surface trough is shown in 
Fig. 3. In a short time (less than 1 s), the disturbances on the outer edge of the spot in Fig. 2, a are smoothed out. 
The spot itself has an elliptic shape, and a sharp-ended spiral arm starts to grow from one of its sides (Fig. 2, b). 
The stability of the marker transport is illustrated in Fig. 4. One drop (purple ink) of dye was introduced on the 
free surface of compound vortex on the distance of 2.9 cm from its center, the other (blue ink) on the distance 
1.3 cm from the center. The unique difference between the two drops is the color of dye and the position of the 
dosing dropper. The time gap from one drop to the other is 2 s. By the time of contact of the second drop with the 
free surface the first drop already formed the spiral arm with angle size 166 degrees and thickness between 0.8 
and 1.0 mm. The distance from the center of rotating free surface for the spiral arm formed from the first drop at 
the moment of introducing the second one is from 3.1 to 4.5 cm (Fig. 3, a).  
 
 a  b  c 
Fig. 3. Spin up of the round dye sport on the compound vortex surface ( H 40 cm, 200 RPM, R 7.5 cm): a – c) – t  1, 6, 10 s. 
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The independent spiral structure started to stretch out from the second drop (Fig. 3, b). The purple (outer) spi-
ral arm has angle size 198 degrees and distance from the center of free surface rotation from 3.1 to 4.3 cm, its 
thickness is 0.5 1.2  mm. The blue (inner) spiral has angle size 129 degrees, distance from the center 
0.8 1.2  cm, thickness 3 5  mm. The growth rate of the inner spiral is higher. 
 a   b   c 
Fig. 4. Alteration of the surface area with spiral structures ( H 40 cm, 180 RPM, R 5 cm): a-d) – t 2, 4, 7, 23 s. 
3.2. Marker admixture in the body of flow 
After 7 s since the second drop is introduced on the free surface it has angle size 607 degrees, and at the same 
time the outer spiral has angle size of only 367 degrees (see Fig. 3, c). The thickness of spiral arms is 
0.8 1.2  mm for the outer purple spiral structure and 1.0 2.5  mm for the inner blue one, the elliptic enve-
lope of outer spiral has eccentricity 0.37 at the same time for the envelope of inner spiral is of eccentricity 
0.61 (Fig. 3, c).  
The spiral arm elongation is accompanied with the appearance of the inverse loops on the periphery of the an-
ticyclonic spiral arm (Fig. 3, d). The eccentricities of the envelopes around outer and inner spiral structures are 
0.32 and 0.25 respectively. Inner spiral structure still has several (more than five) evolutions separated 
by the clear water strips. The further evolution of the spiral structures formed from two different marker drops 
leads to vanishing of the outer spiral. Only the small central part of the free surface stays covered with the dye 
from the inner drop and the area is tinted uniformly. 
The structure of the dye distribution in the liquid body is preserved the same whether one ore more colored 
dye drops are used (Fig. 4). The dye from the surface drop goes downwards in vertical helical lines. The dyes of 
different colors are not mixed up one with the other and form separate respectively colored dyed areas in the liq-
uid body. 
 a    b 
Fig. 5. Two dyed areas of different colors in the compound vortex depth ( H 40 cm, 250 RPM, R 5 cm): a, b) – t 4, 70 s. 
219 E.V. Stepanova /  Procedia IUTAM  8 ( 2013 )  213 – 219 
Two vertical cylindrical areas of different colors are formed in the body of compound vortex 4 s after the 
drops were placed onto free surface (Fig. 4, a). Tinted areas are slowly elongated downstream. The second drop 
(blue ink) is introduced subsequently after the first one (purple ink) with the time gap of 1 s. The velocity of 
elongation is higher for the dye introduced farther from the vertical axis of liquid rotation. The height of the outer 
dyed area (blue ink) is 11.4 cm and inner tinted column (purple ink) is 6.5 cm high since the drops introduced on 
the free surface (Fig. 4, b, 70 s after the drops stroke free surface). 
4. Conclusions 
A new formulation of the problem of the introduction of contaminants in a steady vortex flow more fully re-
flects the situation from getting into the ocean of contaminants continuously running sources, and allows detect-
ing the similarities and differences in the flow structure for different types of contaminants inlet in the ocean. 
These experiments showed that a compact spot of miscible admixture (aniline ink, Uranil) introduced on the 
surface of a rotating liquid is transformed into a spiral arms. Main flow and growth direction of the spiral arms 
are oriented in opposite directions. In the whole range of flow parameters the growth of the spiral arms is ob-
served. 
In all the experiments the admixture could not be considered passive. The displacements of different dyed 
strips and oil droplets, the orientation of spiral arms do not correspond to the flow pattern in the compound vor-
tex. The size and rate of evolution of spiral structures depend on all the parameters of the experiment (the radius 
and frequency of the disk rotation, the liquid depth, the admixture volume and properties). 
All the observed flow pattern features are reproductive in the range of experiments precision. 
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